Inflammatory responses mediated by macrophages are part of the innate immune system, whose role is to protect against invading pathogens. Lipopolysaccharide (LPS) found in the outer membrane of Gram-negative bacteria stimulates an inflammatory response by macrophages. During the inflammatory response, extracellular LPS is recognized by Toll-like receptor 4, one of the pattern recognition receptors that activates inflammatory signalling pathways and leads to the production of inflammatory mediators. The innate immune response is also triggered by intracellular inflammasomes, and inflammasome activation induces pyroptosis and the secretion of pro-inflammatory cytokines such as interleukin-1b (IL-1b) and IL-18 by macrophages. Cysteine-aspartic protease (caspase)-11 and the human orthologues caspase-4/caspase-5 were recently identified as components of the 'non-canonical inflammasome' that senses intracellular LPS derived from Gram-negative bacteria during macrophage-mediated inflammatory responses. Direct recognition of intracellular LPS facilitates the rapid oligomerization of caspase-11/4/5, which results in pyroptosis and the secretion of IL-1b and IL-18. LPS is released into the cytoplasm from Gram-negative bacterium-containing vacuoles by small interferoninducible guanylate-binding proteins encoded on chromosome 3 (GBP chr3 )-mediated lysis of the vacuoles. In vivo studies have clearly shown that caspase-11 À/À mice are more resistant to endotoxic septic shock by excessive LPS challenge. Given the evidence, activation of caspase-11 non-canonical inflammasomes by intracellular LPS is distinct from canonical inflammasome activation and provides a new paradigm in macrophagemediated inflammatory responses.
Introduction
Inflammation is a series of biological processes that evolved to protect the body from invading pathogens and is characterized by heat, redness, swelling, pain and loss of function. [1] [2] [3] [4] Inflammation as part of the innate immune response is mediated primarily by macrophages and initiated by a highly conserved group of receptors known as pattern recognition receptors (PRRs) that recognize pathogen-associated molecular patterns (PAMPs) derived from pathogens. [3] [4] [5] Several types of PRR families have been identified including Toll-like receptors (TLRs), Abbreviations: AIM2, absent in melanoma 2; CARD, caspase recruit domain; CTB, cholera toxin B; GBP, guanylate-binding protein; GSDMD, gasdermin-D; IFN, interferon; IL, interleukin; LPS, lipopolysaccharide; LRR, leucine-rich repeats; NLR, NOD-like receptor; NOD, nucleotide-binding oligomerization domain; OMV, outer membrane vesicle; PAMP, pathogen-associated molecular pattern; PRR, pattern recognition receptor; PYD, pyrin domain; TLR, Toll-like receptor c-type lectin receptors and scavenging receptors, which are localized on the outer cell surface or endosomal membrane, in addition to retinoic acid inducible gene-Ilike receptors, absent in melanoma 2 (AIM2)-like receptors (ALRs), and nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) that are located in the cytoplasm. 6, 7 One of the most extensively studied PRRs is TLR4, which forms an extracellular receptor complex with MD2 to recognize lipopolysaccharide (LPS), the most inflammatory component of Gram-negative bacteria cell walls.
7 TLR4-mediated recognition of extracellular LPS immediately activates inflammatory pathways in macrophages, such as nuclear factor-jB), activator protein (AP)-1, and interferon regulatory factor (IRF) pathways, by initiating signal transduction cascades of intracellular inflammatory molecules, [8] [9] [10] [11] [12] resulting in the production of pro-inflammatory cytokines, interferons, inflammatory proteins, and microbicidal factors. 5 Interestingly, a new paradigm of LPS-induced inflammatory responses in macrophage-mediated innate immunity against pathogen infection has emerged. 13 In response to PAMPs, a subset of NLRs and AIM2-like receptors induces a unique innate immune response. These intracellular receptors assemble cytoplasmic complexes, known as inflammasomes, to activate the inflammatory caspase, caspase-1.
14- 16 The activation of caspase-1 induces pyroptosis, which is an inflammatory form of programmed cell death that frequently occurs upon infection with intracellular pathogens. In addition, caspase-1 in macrophages induces the maturation and secretion of the pro-inflammatory cytokines interleukin1b (IL-1b) and IL-18. 15, 17, 18 Interestingly, recent studies have shown that caspase-11 can also induce caspase-1-dependent maturation and secretion of IL-1b and IL-18 as well as caspase-1-independent pyroptosis in response to intracellular LPS derived from cytoplasmic Gram-negative bacteria. 19 This caspase-11-mediated innate immune response is analogous to caspase-1 activation by canonical inflammasome scaffolds, but has different and unique characteristics compared with canonical inflammasome activation during macrophage-mediated inflammatory responses. This caspase-11 scaffold is therefore referred to as a 'non-canonical inflammasome'. 17, [19] [20] [21] [22] [23] [24] [25] From this unexpected observation, the role of caspase-11 non-canonical inflammasome has been actively investigated in macrophage-mediated inflammatory responses.
This review aims to introduce briefly the structures and activation of inflammasomes and to discuss and summarize recent research progress in our understanding of caspase-11 non-canonical inflammasome activation during macrophage-mediated inflammatory responses, including discovery of caspase-11 non-canonical inflammasome, the molecular mechanism of caspase-11 non-canonical inflammasome activation, and subsequent inflammatory events mediated by caspase-11 non-canonical inflammasome activation. Moreover, this review highlights how this could lead to the development of therapeutics for the treatment of inflammatory and infectious diseases.
Structures and activation of canonical and noncanonical inflammasomes
Canonical inflammasomes
Canonical inflammasomes induce inflammatory responses by processing inactive pro-caspase-1 into cleaved active caspase-1. 15, 18 These canonical inflammasomes are protein complexes of either NLRs or pyrin domain (PYD)-containing non-NLRs assembling apoptosis-associated specklike protein containing a C-terminal caspase recruit domain (CARD) (ASC), and pro-caspase-1.
15,18 Different types of NLR family members, such as NLRC4, NLRP1, NLRP3 and AIM2 have been identified, and in-depth studies have demonstrated that each NLR member is differentially stimulated by different ligands. 15, 18 NLRC4 inflammasome NLRC4 was initially identified as a structurally similar molecule to apoptotic-protease activating factor 1 and was demonstrated to form an inflammasome in response to bacterial flagellin, a building block of the bacterial locomotion machinery, as well as needle subunits, which are used to inject virulent factors into host cells. [26] [27] [28] [29] [30] [31] [32] NLRC4 consists of three major motifs: an N-terminal CARD motif, a nucleotide-binding and oligomerization domain (NACHT) motif, and C-terminal leucine-rich repeats (LRRs), and interacts with pro-caspase-1 through its CARD motif to assemble an NLRC4 inflammasome (Fig. 1a) . Interestingly, because NLRC4 has a CARD motif itself, it generally does not need the adaptor molecule, ASC, for direct interaction with pro-caspase-1, which also contains a CARD motif. Two research groups, however, also reported that ASC is required for the activation of an NLRC4 inflammasome. They showed endogenous NLRC4-ASC-Casp-1 specks in macrophages and that ASC has been shown to be essential for robust IL-1b secretion when NLRC4 is activated. 33, 34 NLRP1 inflammasome NLRP1 is the first NLR family member identified to form an inflammasome complex. 35 Human NLRP1 has only one family member characterized by an N-terminal PYD, NACHT, LRRs, a function-to-find domain, and a C-terminal CARD (Fig. 1b) . By contrast, multiple isoforms of NLRP1, such as NLRP1A, NLRP1B and NLRP1C, have been identified in mice, and their structures are evolutionarily conserved, but they lack a PYD motif. interacts directly with pro-caspase-1 through its CARD motif (Fig. 1b) and does not need an ASC to assemble the NLRP1 inflammasome with pro-caspase-1 (Fig. 1b) . Although the activation of NLRP1 inflammasome is generally ASC-independent for pyroptosis and IL-1b secretion, two research groups observed that ASC is necessary for the formation of NLRP1 inflammasome and autoproteolysis of pro-caspase-1. 36, 37 Van Opdenbosch et al. 37 further demonstrated that ASC enhanced cytokine secretion by the activation of NLRP1b inflammasome in response to low-level LeTx stimulation. In mouse macrophages, NLRP1B was activated and forms an inflammasome in response to lethal toxins of Bacillus anthracis; therefore, the macrophages isolated from Nlrp1b knockout mice were not capable of generating the active form of caspase-1, secreting IL-1b, or inducing pyroptosis. 38, 39 NLRP3 inflammasome NLRP3, also known as cryopyrin, has three major motifs: an N-terminal PYD motif, a NACHT motif and C-terminal LRRs (Fig. 1c) . NLRP3 responds to a variety of stimuli, including crystals/particles such as uric acid, silica, alum, b-amyloid and asbestos, nucleic acid hybrids such as RNA-DNA hybrids, pore-generating toxins, extracellular ATP, hyaluronan and various pathogens including viruses, bacteria, fungi and protozoans. 40, 41 Binding of these stimuli to extracellular receptors expressed on macrophages, which is the first signal called priming, and subsequent triggering, which is an additional signal, initiate the activation of the NLRP3 inflammasome by assembly of an NLRP3-ASC-pro-caspase-1 complex (Fig. 1c) . NLRP3 homotypically interacts with a bipartite adaptor molecule, ASC, through the PYD motif, and pro-caspase-1 is in turn recruited to the NLRP3-ASC complex to bind with ASC through its CARD motif.
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AIM2 inflammasome
AIM2 was identified as an intracellular sensor protein to be activated by directly recognizing double-stranded DNAs based on the observation that the double-stranded DNAs derived from intracellular microbial and host cells induced the activation and autoproteolysis of pro-caspase-1 with the involvement of ASC but did not activate previously demonstrated effector molecules, such as NLRP3 and TLRs, or interferon (IFN) signalling. 42 AIM2 is a member of the p200 protein family of proteins. These proteins have a PYD at the N-terminus and a haematopoietic IFN-inducible nuclear protein (HIN) domain at the C-terminus (Fig. 1d) . Sensing of intracellular double-stranded DNAs derived from invading pathogens, such as Francisella tularensis, cytomegalovirus and vaccinia virus, results in the activation of AIM2 and assembly of an AIM2 canonical inflammasome by homotypic interaction with the PYD motif of the adaptor molecule, ASC and another homotypic interaction between ASC and pro-caspase-1 through their CARD (Fig. 1d) . [43] [44] [45] [46] The activation of AIM2 inflammasomes occurs with the formation of a speck, which is a single large perinuclear aggregate. 47 Speck is formed by polymerization of AIM2 and ASC through the PYD motif and nucleation of ASC fibres by AIM2 into star-shaped branched filaments that serve as a platform for the clustering of pro-caspase-1. [47] [48] [49] Speck formation for the activation of canonical inflammasomes has also been observed in NLRC4, NLRP1 and NLRP3, 33, 37, 50 suggesting that speck formation might be an essential process for the activation of canonical inflammasomes, even though the stimulating agents for the various canonical inflammasomes are quite different.
Non-canonical inflammasome
Under certain conditions, induction of inflammatory responses bypasses the canonical inflammasome pathway; instead, the non-canonical inflammasome, which refers to a complex of pro-caspase-11 and LPS, is activated in macrophages. 17, 18, 24, 25 Recently, non-canonical inflammasomes have been shown to have characteristics distinct from those of canonical inflammasomes. The non-canonical inflammasome is activated by intracellular LPS released from Gram-negative bacteria, 21, 22 resulting in the formation of a molecular complex consisting of inactive pro-caspase-11 and LPS. 17 In mouse macrophages, noncanonical inflammasomes are assembled by direct interaction between pro-caspase-11 and LPS, and this direct interaction is accomplished by binding of the CARD motif of pro-caspase-11 and the lipid A tail of LPS (Fig. 2a) . Caspase-4 and caspase-5 are the human counterparts of mouse caspase-11. Human caspase-4 and caspase-5 were found to interact directly with intracellular LPS and activate the non-canonical inflammasome in human myeloid cells. 23, [51] [52] [53] Non-canonical inflammasome assembly in human cells is accomplished in a similar manner to its assembly in mice. Pro-caspase-4 and/or pro-caspase-5 in human cells interact directly with the lipid A tail of LPS, and this interaction is mediated by binding of the CARD motifs of pro-caspase-4 and/or pro-caspase-5 and the lipid A tail of LPS (Fig. 2b) . These pro-caspase-4/5/11 bindings with intracellular lipid A of LPS oligomerize (Fig. 2c ) and in turn, induce not only pyroptosis but also maturation and secretion of proinflammatory cytokines, IL-1b and IL-18. Interestingly, a recent study reported that caspase-11 non-canonical inflammasome activation can also induce the activation of the NLRP3-ASC-caspase-1 pathway, newly identified as 'non-canonical NLRP3 inflammasome activation', which is distinguished from the 'canonical NLRP3 inflammasome activation' induced by various ligands discussed in the section on 'NLRP3 inflammasome' through the activation of a nuclear factor-jB) signalling pathway via TLR-MyD88 and/or tumour necrosis factor receptor. 54 Activation of the non-inflammasome pathway in macrophage-mediated inflammatory responses will be discussed in the following sections in more detail; this discussion will focus mostly on mouse caspase-11, because caspase-11 was first identified as a critical modulator in the activation of the non-canonical inflammasome in mouse macrophages, and most previous studies have focused on investigating the roles of caspase-11 in regulating the activation of the non-canonical inflammasome pathway during inflammatory responses in mouse macrophages. 
Non-canonical inflammasome activation during inflammatory responses in macrophages
Discovery of a caspase-11 non-canonical inflammasome A number of previous studies have intensively investigated inflammasome activation in innate immune cells in response to various stimuli. Kayagaki et al. 19 conducted a study of toxin-stimulated activation of the inflammasome pathway and found that cholera toxin B (CTB) induced the secretion of one of the inflammasome-stimulated proinflammatory cytokines, IL-1b, in an NLRP3/ASC inflammasome-dependent manner in LPS-primed mouse macrophages. Interestingly, this study reported the unexpected observation that CTB-activated inflammasome responses and IL-1b secretion were abolished in bonemarrow-derived macrophages isolated from the mouse strain 129S6, which has a polymorphism in the caspase-11 gene locus resulting in a truncated and non-functional caspase-11 protein. 19 Moreover, they also reported that the strain 129S6 mice encoding non-functional caspase-11 were much more resistant to a lethal dose of LPS that usually induces septic shock. 19 These observations provided strong evidence that caspase-11, which is not a component of the canonical inflammasome, plays a unique modulatory role in macrophage-mediated innate immune responses, and that the molecular mechanism by which caspase-11 induces inflammatory responses in macrophages is distinct from that of the canonical inflammasome activation pathway. A series of follow-up studies has successfully established that this caspase-11-mediated inflammatory response is a 'non-canonical inflammasome pathway' that is activated by a direct response to Gram-negative bacteria, including Escherichia coli, Legionella pneumophila, Salmonella typhimurium, Citrobacter rodentium, Shigella flexneri, and Burkholderia spp. 20, [55] [56] [57] [58] [59] [60] Caspase-11: a direct sensor of intracellular LPS As discussed above, the caspase-11 non-canonical inflammasome pathway is activated in response to invading Gram-negative bacteria. 20, [55] [56] [57] [58] [59] By contrast, it is not activated by Gram-positive bacteria. 56 This suggests that caspase-11 recognizes intracellular LPS, inflammatory components derived from Gram-negative bacteria. In support of this hypothesis, Kayagaki et al. 22 demonstrated that treatment of macrophages with LPS (O111:B4 strain) along with CTB highly induced caspase-11 activation. This was accomplished by CTB-mediated transportation of extracellular LPS into the macrophages through interactions between CTB and the O-antigen moiety of LPS. Therefore, CTB acted as a carrier for the intracellular delivery of LPS, which was, in turn, recognized by caspase-11, resulting in caspase-11-mediated activation of the non-canonical inflammasome pathway. Hagar et al. 21 found that the caspase-11 non-canonical inflammasome pathway was activated in macrophages transfected with the lysates of Gram-negative bacteria, but not with lysates of Gram-positive bacteria, which could possibly support the notion that caspase-11 recognizes intracellular LPS from Gram-negative bacteria, resulting in activation of the caspase-11 non-canonical inflammasome pathway in macrophages.
Caspase-11 was demonstrated to not need the adaptor molecule ASC for activation, 19 which suggested that caspase-11 might interact directly with intracellular LPS. Studies to evaluate this supported this theory. Recombinant caspase-11 expressed and purified from the Gramnegative bacterium E. coli formed a huge caspase-11 multimer with a molecular weight of~600 000 due to LPS binding, whereas that from insect cells, which do not have LPS, was not multimeric, but monomeric. 23 Moreover, direct interaction between caspase-11 and LPS was observed in the macrophages electroporated with LPS, consequently resulting in the macrophage pyroptosis. 23 The affinity between caspase-11 and LPS was found to be comparable to that between TLR4 and MD2. 61 Human caspase-4 and caspase-5 classified as inflammatory caspases are considered most homologous to mouse caspase-11. 23 Caspase-4 was found to be highly expressed in human monocytes and induced pyroptosis in an LPSdependent manner. 23 Similar to caspase-11, recombinant caspase-4/5 expressed and purified from E. coli formed a caspase-4 multimer, whereas that from insect cells was monomeric. 23 A biochemical study showed that mouse caspase-11 ( Fig. 2a) and human caspase-4/5 (Fig. 2b) bind directly to lipid A of LPS through their CARDs, and that lipid A is sufficient for their bindings. 23 Moreover, Hagar et al. reported that the structure of lipid A is a critical determinant of the activation of the caspase-11 non-canonical inflammasome pathway in macrophages. Penta-and hexa-acylated lipid A successfully induced the activation of the caspase-11 non-canonical inflammasome pathway and pyroptosis of macrophages, whereas tetraacylated lipid A was not detected by caspase-11. 21, 62 These studies strongly indicate that mouse caspase-11 and its human counterpart, caspase-4/5, are oligomerized by direct interaction with intracellular LPS (Fig. 2c) , especially the lipid A component of LPS, resulting in noncanonical inflammasome activation in macrophages.
How is the intracellular LPS released into cytoplasm and detected by caspase-11?
As discussed earlier, a number of studies have provided evidence that caspase-11 directly senses intracellular LPS derived from a variety of Gram-negative bacteria, resulting in the oligomerization of caspase-11-LPS complexes.
However, many steps involved in the activation of the caspase-11 non-canonical inflammasome still need to be elucidated. Recent studies have shown how caspase-11 can detect intracellular LPS from infected Gram-negative bacteria. Two groups showed that endogenous type I IFNs and their signalling are required for the activation of caspase-11 and subsequent pyroptosis in macrophages infected with Gram-negative bacteria. 20, 56 When LPS was directly delivered into the macrophages, the delivered intracellular LPS significantly activated the caspase-11 non-canonical inflammasome pathway, leading to the induction of pyroptosis and IL-1b secretion in a type I IFN signalling-independent manner. 59 This result suggests that gene expression induced by type I IFNs is required for cytoplasmic sensing of LPS by caspase-11. These studies indicate that LPS from Gram-negative bacteria are the key determinant of caspase-11 activation in macrophages; however, it remains unclear how LPS of Gram-negative bacteria enter the host cells, and how LPS is released from vacuoles containing internalized Gram-negative bacteria into the cytoplasm. Recent studies have successfully answered this question. Recently, Vanaja et al. identified that Gram-negative bacteria produced outer membrane vesicles (OMVs) and these OMVs delivered LPS of Gram-negative bacteria into the cytoplasm of host cells through endocytosis, leading to induction of caspase-11-activated inflammatory responses. 63 Pilla et al. ) induced caspase-11-dependent pyroptosis in IFN-stimulated macrophages infected with the Gram-negative bacteria L. pneumophila, and that this caspase-11-dependent pyroptosis was dramatically reduced in GBP chr3 -deficient macrophages. Consistent with this study of Pilla et al., Meunier et al. 65 reported that GBP chr3 lysed vacuoles containing the Gram-negative bacteria S. typhimurium and released the bacteria into the cytoplasm, thus allowing the recognition of their LPS by caspase-11, resulting in activation of the caspase-11 non-canonical inflammasome pathway and the secretion of IL-1b and IL-18 during infection. The activation of the caspase-11 non-canonical inflammasome pathway and the secretion of IL-1b and IL-18 were significantly reduced in GBP chr3 -deficient macrophages infected with S. typhimurium. 65 These studies strongly suggest that GBP chr3 plays a critical role in the activation of the caspase-11 non-canonical inflammasome pathway during inflammatory responses by lysing Gram-negative bacterium-containing vacuoles and releasing bacterial LPS into the cytoplasm, where they encounter caspase-11 (Figs 3a, b) . Interestingly, the requirement of GBP chr3 in inflammasome activation is not unique to caspase-11. Two research groups demonstrated that GBP chr3 was also involved in the activation of the AIM2 inflammasome. 62 19, 22, 68, 69 'Priming' is the process by which PAMPs bind to extracellular PRRs on macrophage cell surfaces, resulting in the activation of signal transduction cascades to induce gene expression of the components required for non-canonical inflammasome activation, including pro-caspase-11 and pro-IL-1b, and other proteins necessary for the caspase-11 inflammasome responses, including pro-caspase-1 and pro-IL-18, which in most are constitutively expressed. 19, 22, 68, 69 Because this priming signal neither activates a non-canonical inflammasome pathway nor induces the processing and secretion of mature IL-1b and IL-18 or pyroptosis in macrophages, a second 'triggering' signal is required for full activation of inflammatory responses in macrophages. This triggering signal involves detection of intracellular LPS for subsequent activation of the non-canonical inflammasome pathway in macrophages. 21, 22 After LPS recognition, oligomerization of intracellular LPS-pro-caspase-11 complexes to form non-canonical inflammasomes and consequent activation of the LPS-caspase-11 inflammasome result in pyroptosis as well as the cleavage and secretion of the mature pro-inflammatory cytokines IL-1b and IL-18 (Fig. 3) . In more detail, intracellular LPS released from Gram-negative bacteria-containing vacuoles by GBP chr3 -mediated lysis are detected by pro-caspase-11, resulting in the formation of a pro-caspase-11-LPS complex (Fig. 3c) . This complex, in turn, is oligomerized by homotypic interactions of the CARD motifs of pro-caspase-11 (Fig. 3d) . Recent studies have reported that caspase-11 requires the activation of the NLRP3 canonical inflammasome by an unknown mechanism (Fig. 3e) for proteolysis and maturation of pro-caspase-1 (Fig. 3f) forms, IL-1b and IL-18 (Fig. 3g) , whereas caspase-11 is not required for caspase-1-mediated pyroptosis. 19, 22 As discussed earlier, two hallmarks of caspase-11 non-canonical inflammasome activation are the secretion of IL-1b and IL-18 and pyroptosis; the mechanistic details of these events are described in the next section.
Gasdermin D is a key molecule in caspase-11 noncanonical inflammasome-induced pyroptosis and secretion of IL-1b and IL-18
Although priming is an essential process for induction of macrophage-mediated inflammatory responses, the priming signal alone cannot induce pyroptosis and secretion of IL-1b and IL-18; a subsequent triggering signal is required. 21, 22 A number of studies have elucidated the molecular mechanisms by which activation of the caspase-11 non-canonical inflammasome induces pyroptosis and secretion of mature IL-1b and IL-18 in macrophages infected with Gram-negative bacteria. However, the question 'how' is still poorly understood and did not receive attention for a long period of time. Recently, however, a molecule, gasdermin-D (GSDMD), has been identified as a critical player in these events. GSDMD is a highly conserved protein in mammals, although its function is unclear. 70 GSDMD is approximately 480 amino acids long with two main domains: an N-terminal GSDMD-N domain and a C-terminal GSDMD-C domain connected by a linker loop 71 and previously found to be cleaved by caspase-1. 72 Kayagaki et al. 73 reported that GSDMD plays an essential role in caspase-11 non-canonical inflammasome-dependent pyroptosis and secretion of IL-1b. They generated Gsdmd À/À mice, and macrophages isolated from Gsdmd À/À mice had defects in pyroptosis and IL-1b secretion in response to intracellular LPS or Gram-negative bacterial infection and also exhibited resistance to LPS-induced septic shock. 73 In addition, they showed that caspase-11 cleaved GSDMD, and that the N-terminal fragment of the cleaved GSDMD facilitated pyroptosis and proteolytic maturation of caspase-1 in an NLRP3-dependent manner. 73 Shi et al. 74 made the same observation. They generated Gsdmd À/À mice and showed that intracellular LPS-induced pyroptosis and IL-1b secretion were significantly reduced in macrophages obtained from Gsdmd À/À mice. They further showed that both caspase-1 and caspase-4/5/11 cleaved the linker between the Nterminal and C-terminal GSDMD domain, and that the N-terminal fragment of GSDMD was required and sufficient for pyroptosis, possibly by generating pores within the macrophage membrane. 74 He et al. 75 reported that the N-terminal fragment of GSDMD processed by caspase-1 was essential for pyroptosis and IL-1b secretion, which were abolished in Gsdmd À/À Raw264.7 cells. Interestingly, GSDMD did not affect the maturation of either caspase-11 or IL-1b, 75 suggesting that GSDMD is downstream of caspase-1 and only aids in the induction of pyroptosis and the secretion of IL-1b during the caspase-11 non-canonical inflammasome response. 76 More direct evidence that GSDMD generates pores during the caspase-11 non-canonical inflammasome response have been reported. Ding et al. 77 expressed and purified the N-terminal fragments of GSDMD and demonstrated that the purified N-terminal fragments of GSDMD lysed phosphoinositide/cardiolipin-containing liposomes and formed structurally stable pores with a diameter of 10-14 nm and 17 symmetric protomers on the artificial and natural phospholipid membranes. Aglietti et al. 78 observed by electron microscopy that N-terminal fragments of GSDMD localized to the cell membrane with a higher order of oligomers and formed ring-like structures within a few minutes of GSDMD cleavage. They further confirmed that localization of the cleaved N-terminal fragments of GSDMD and formation of ring-like structures within the cell membrane were only observed in macrophages after caspase-11 activation by intracellular delivery of LPS. 78 Liu et al. 79 also demonstrated by electron microscopy that N-terminal fragments of GSDMD induced pyroptosis by binding to phosphates and phosphatidylserine and cardiolipin and forming pores on the cell membrane. Taken together, these results strongly suggest that intact GSDMD, which is inactive, is cleaved at the internal linker loop by caspase-11 (Fig. 3h) , and that the cleaved N-terminal fragments of GSDMD are essential for pyroptosis (Fig. 3g) and the secretion of IL-1b and IL-18 (Fig. 3j) by generating pores within the cell membrane during the caspase-11 non-canonical inflammasome response in macrophages. 71, 80, 81 Non-canonical inflammasome and LPS-induced septic shock
During the inflammatory response, caspase-1-induced pyroptosis is the effector mechanism that clears invading pathogens by removing infected cells from the body. 82 However, caspase-1-induced pyroptosis can be harmful under certain conditions because of the induction of systemic septic shock. Several studies have demonstrated that a caspase-4/5/11 non-canonical inflammasome cleaves pro-caspase-1 and induces caspase-1-mediated pyroptosis and IL-1b secretion during macrophage-mediated inflammatory responses, [19] [20] [21] [22] 56, 60, 65, 83 suggesting the possibility that intracellular LPS-induced activation of the caspase-4/ 5/11 non-canonical inflammasome could play a pivotal role in modulating endotoxic septic shock in vivo. This idea was recently explored by several research groups using mice challenged with excessive amounts of LPS to induce endotoxic septic shock, which is an established animal model for Gram-negative bacteria-induced sepsis. Earlier studies have demonstrated that mice with loss of either caspase-1 or caspase-11 were less susceptible to challenge with excessive LPS, and that these mice had higher survival rates in response to LPS-induced lethality than wild-type mice. 84, 85 An additional study using several mouse strains with different polymorphisms clearly showed that caspase-11 was more critical than caspase-1 in the LPS-induced death of mice. 19 Aachoui et al. 57 also reported that caspase-11 À/À mice were more resistant to lethal challenge with the Gram-negative bacteria Burkholderia thailandensis and Burkholderia pseudomallei than wild-type mice. Two research groups showed that excessive LPS-induced septic shock in mice was caspase-11-dependent but TLR4-independent. Hagar et al. 21 and Kayagaki et al. 22 reported that caspase-11 À/À mice primed with poly (I:C), a TLR3 ligand, were resistant to subsequent challenge with excessive LPS, whereas Tlr4 À/À mice primed with poly (I:C) were highly susceptible to subsequent LPS challenge, and their survival rates were very low. These results strongly indicate that priming the mice with TLR3 ligand up-regulated the expression of the caspase-11 gene by bypassing the requirement for TLR4 signalling; therefore, TLR4 is only required to induce the expression of the caspase-11 gene during LPS-induced endotoxic septic shock in mice, and LPS-induced lethality is independent of TLR4. In support of this theory, Tlr4 primed with LPS, which are TLR4 ligands, followed by excessive LPS challenge exhibited resistance to LPS challenge and had high survival rates. 21 Despite the clear evidence for the crucial role of caspase-11 in endotoxic septic shock in vivo, how excessive LPS induces caspase-11 activation and death of the mice by septic shock is still unclear, and detailed mechanistic studies in this regard are required. The role of GSDMD on the LPS-induced LPS septic shock was also investigated in mice. As in caspase-11 À/À mice, the mice lacking Gsdmd were highly resistant to LPS-induced septic shock, 73 suggesting that GSDMD is a critical pro-pyroptotic substrate for caspase-11 non-canonical inflammasome and is essential for caspase-11-mediated lethal sepsis in vivo.
Conclusion and perspectives
An inflammatory response is a major host defence mechanism against invading pathogens, and host cells activate a variety of immune responses to prevent damage to the body. Numerous studies have investigated how inflammatory responses are initiated by recognition of extracellular PAMPs by PRRs, and some studies have also investigated how inflammatory responses are initiated in response to intracellular pathogens, especially intracellular Gram-negative bacteria harbouring LPS, one of the most inflammatory components of bacteria. The inflammasome has been shown to play a pivotal role in the inflammatory response by activating the inflammatory caspase caspase-1, which induces pyroptosis and the secretion of the pro-inflammatory cytokine IL-1b in macrophages. In these inflammasome studies, caspase-11 was unexpectedly identified as a novel activator of caspase-1, and the complex of caspase-11 and intracellular LPS was referred to as the 'non-canonical inflammasome', 19 adding to the diversity of cytoplasmic innate immunity responses in macrophages. 86, 87 Recent studies have not only identified intracellular LPS as agonists of the non-canonical inflammasome, 21, 22 but also demonstrated that inflammatory caspases, such as a mouse caspase-11 and human caspase-4/5, are direct molecular sensors of intracellular LPS and activate non-canonical inflammasome responses. 23 Intracellular LPS released from the Gram-negative bacterium-containing vacuoles by GBP chr3 -mediated proteolysis are directly detected by caspases-4/5/11, and these caspases are oligomerized and activated, thereby inducing anti-pathogenic inflammatory responses by triggering pyroptosis and secretion of IL-1b and IL-18 in macrophages. The activation of the caspase-11 non-canonical inflammasome by intracellular LPS during macrophage-mediated inflammatory responses is illustrated in Fig. 3 . The caspase-11 non-canonical inflammasome adds to the repertoire of host defence mechanisms that can defend against infection by intracellular Gram-negative bacteria. Although a number of studies have successfully demonstrated the new roles of caspase-11 non-canonical inflammasome during macrophagemediated inflammatory responses, more studies to identify the crosstalk between caspase-11 non-canonical inflammasomes and other canonical inflammasomes will be required to explain how they cooperate and produce synergistic effects to protect our body from invading pathogens by inflammatory responses. Moreover, further studies on the useful strategies to effectively and selectively target and modulate the activation of the caspase-11 non-canonical inflammasome pathway are required to develop the promising diagnostics and therapeutics to prevent and treat infectious and inflammatory/autoimmune diseases.
In conclusion, given the strong evidence of a critical role of caspase-11 in the non-canonical inflammasome response to intracellular LPS in macrophages, selective targeting of the caspase-11 non-canonical inflammasome pathway by various useful approaches, including caspase-11-targeting small interference RNAs, the agents interfering with the binding between caspase-11 and intracellular LPS, and caspase-11-targeting antibody therapeutics using the recently developed intracellular molecule-targeting antibody technology 88 could be a novel and promising strategy for the prevention and treatment of a number of infectious and pathogen-induced inflammatory/autoimmune diseases, 89 such as sepsis, chronic respiratory/lung diseases, coronary artery disease, cystic fibrosis, rheumatoid arthritis, and some intestinal inflammatory diseases, including inflammatory bowel disease, Crohn's disease and ulcerative colitis. 54 
